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ABSTRACT
Particles immersed in a fluid have always been an important researching domain in
process technologies, pharmacy and fluid mechanics. It is for its practical utility in in-
dustry that the two-phase flow is still being academically researched, but in present
times with a slightly different, more complex approach. Formerly all the particles
have been assumed to be spheres, what simplified the models of processes phys-
ical presentation. Nowadays, however, it is clear that such an assumption makes
significant errors in some fields of applications. With that reason ellipsoids were
presented instead of spheres. That step also transferred computation from ana-
lytical or partialy analytical to wholey numerical. This work presents the results of
numerical simulation of different ellipsoids and sphere. In addition a Saffman effect
on sphere is presented as a special phenomena in fluid mechanics.
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POVZETEK
Dvofazni tok in njegova fizikalna termatematična predstavitev so v inženirskih panogah
od nekdaj predstavljali tematiko, kateri je potrebno nameniti veliko raziskovanja.
Zlasti je raziskovanje delcev v toku pomembno v procesni tehniki, ki je nek skupen
imenovalec za prehrambeno industrijo, farmacevtsko industrijo in razne kemično-
predelovalne procese. Poleg obnašanja delcev in poti, ki jih ubirajo, so predvsem sile
na delce in sile med delci tiste, ki jih želimo določiti. Skoraj do današnjega časa so
delci v člankih in raziskavah predstavljeni izključno v obliki krogel. Krogla je matem-
atično relativno lahko popisljiva in tako do določenih omejenih razsežnosti omogoča
analitičen preračun toka okoli delcev (npr.Stokesov tok). Še vedno so enačbe v
polnosti nerešljive, a te omejene rešitve predstavljajo neko izhodišče, na keterem
se gradijo različne korelacije in eksperimentalno določene rešitve. Z moderniza-
cijo in vedno hitrejšimi in natančnejšimi postopki pa so se tudi v procesni tehniki
pojavile nove zahteve, ki jih predpostavka krogelnih delcev več ne izpolnjuje. Za
dobro natačnost je torej potrebno delce predstaviti z kompleksnejšimi oblikami, ki
bodo bolje popisale nakjlučno formo delca. Seveda pa je jasno samo po sebi, da
si z novimi oblikami zapremo pot do analitičnih rešitev. Tako je edina možna pot
ali eksperiment ali uporaba numerike. Eksperimenti za dvofazne tokove zahtevajo
izredno natančno merilno opremo, ki je v večini izredno draga. Po drugi strani pa
numerika predstavlja način, ki je izredno poceni. Velikokrat potrebujemo eksperi-
mentalne podatke, a ti so v veliko primerih že določeni. Računalniki so danes razviti
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do te stopnje, da so že tudi preračuni z več tisoč delci končani v nekaj minutah.
V tem delu avtor izbere vključno s kroglo 4 delce, katere želi v toku tekočine fiz-
ikalno popisati. Trije delci so različni elipsoidi z najrazličnejšimi dimenzijami. Račun-
alnik danes sicer res predstavlja vlogo hitrega računarja, a ne vsemogočnega. Iz
tega razloga se v nalogi tokovne razmere omeji na laminarne, ki ne zahtevajo pretir-
ano gostih računskih mrež. Numerična simulacija sama po sebi pa vedno predstavlja
samo nek podatek, ki ne predstavlja nujno pravilne rešitve. Da bi jo overil, avtor
rešitev primerja z eksperimentalnimi korelacijami, ki jih nekaj obstaja in temeljijo na
različnih modelih. Rešitev je podana v obliki, bodisi koeficienta upora bodisi koefi-
cienta vzgona, saj je primerjava med različno velikostjo delcev tako najboljša. V tem
delu je prav tako obravnavan Saffmanov učinek v toku. Ta je prav tako pomemben
za pravilno razlago simulacij gibanja delcev v tekočini. Simulacija premikajočega
delca je zahtevnejša in zahteva dinamične računske mreže. Način, kako to storiti
je podan. Vse simulacije so izvedene z programskim paketom OpenFOAM, ki je
izredno močno računsko orodje, a tudi zahtevno za uporabo. Da bi bralec kar na-
jbolje razumel rezultate, je dodatno torej predstavljeno delo s programom in primer,
kako zaženemo simulacijo.
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1 INTRODUCTION
Nowadays the motion of particles in a fluid plays an important role in both technical
and natural processes. They are inevitable to deal with in combustion of pulver-
ised coal, fibre suspension flow, in paper forming, pneumatic conveying of granular
materials, pollutant transport in the atmosphere and transport of sediment grains in
rivers.[3]
Prediction of behaviour of turbulent gas-solid flow, however, is vital in many indus-
trial applications e.g. cyclone separators, fluidised beds, dust collectors etc. So far,
satisfying analytical solutions have been made only for spherical shape of particles.
Due to good knowledge of motion of spheres in fluids and to the fact that many mod-
els describing the interaction already exist, it is very convenient to make such an
assumption. Still the vast majority of industry application deals with particles that are
of non-spherical shapes, whichmeans different ellipsoids, fibres, discs and of-course
completely irregular shapes. These shapes have - unlike spheres - many different
characteristic values. Even a simple ellipsoid requires 3 different parameters to be
fully described, whence a description of sphere is made by a single parameter -
diameter. Moreover non-spherical particles can experience variation of position in
respect to the flow, which makes the description of their flow even more difficult. In
addition to drag force, they experience transverse lift forces, pitching and rotational
forces.[4] In order to fully describe the flow and characteristics of it, the forces on
the particle have to be described. Thus we reach into the area of aerodynamics
and hydrodynamics, where the main part of researches is to obtain values of drag
force(FD)and lift force(FL). As already mentioned, when particles are of irregular
shapes as result of rotating forces they also experience torques as result of rotating
forces: pitching torque (TP ) and rotational torque (TR).
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2 PROBLEM FORMULATION
Dynamics and computation of forces acting on a immersed can be investigated by
using two different approaches. First one is experimental and it is more tedious and
expensive, for it requires space, time and usually a lot of funds to be held. The
second one is numerical approach to the same problem, which is renowned for its
low cost, but still it is in case of high complexity tightly connected to experiments as
it is in need of some assumptions and empirical correlations. This work is mainly
concerned with the second of two.
Field of interest is to compute force and torque interactions between fluid and
bodies of different shapes in 3-dimensional space. There are many possible com-
putational fluid mechanics (CFD) solvers on the market as an option to perform nu-
merical calculations of the fluids, but perhaps unnecessary to emphasize that great
deal of them demands too great a value of funds for a working licence. There is
one, however, which is completely free of cost and can be obtained using internet
- OpenFOAM (for ”Open source Field Operation And Manipulation”). This can be
downloaded and installed on Linux operation system and, as a summary, it is import-
ant to mention that it is scarcely more than package of C++ sources code directories,
without any graphic user interface (GUI), which makes it user un-friendly. Neverthe-
less, with CFD performance as the point of view it must be stated it is a really powerful
tool intended to solve many different problems in fields of fluid mechanics, thermo-
dynamics, heat transfer, mass transfer etc. By using the chosen numerical tool, four
different shapes are chosen on which the simulation will be performed. Three of them
are different ellipsoids and the last one is in shape of sphere. In addition angle of in-
cidence of each ellipsoid will be augmented by values from 0 till 90. It is also intended
to vary the values of fluid velocity that flows past the particle. To sum it up, purpose of
numerical computation is to observe the dependency of interacting forces from angle
of attack and from velocity of the fluid. In addition, as it has been already mentioned,
only numerical results are still too sensitive on different parameters and numerical
errors to be taken for sure. Initially they have to be compared to experimental results
or the correlations obtained by scientists. Correlations are sometimes valid only un-
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der special circumstances and hencewith the simulation have to be performed in the
samemanner as the correlations needs are. That is done in the present work as well.
Saffmans effect is present basicaly in every kind of flow that has any kind of
velocity profile, that is unlike to a line rectangular to a velocity direction. In process
technologies Saffman effect is omnipresent but not yet generally explored. Truly,
many experiments have been performed on that topic all connected to a sphere. It is
aim in this work to prove, that OpenFOAM as a CFD software is able to reconstruct
the Saffman effect on a spherical particle immersed in a fluid.
3
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3 THEORY
3.1 Physical background
Whether regular or irregular, motion for every particle is derived from the fundamental
laws of mechanics: conservation of linear and angular momentum. These two state
that in a closed system no momentum can be gained or lost, until external forces
grasp in[5]:
mp
~dvp
dt
=
∑
i
~Fi, (3.1)
~Ip
~dωp
dt
=
∑
i
~Ti. (3.2)
There are few models describing the calculation of forces that appear when rigid
body is exposed to a flow. In a Lagrangian framework the translation motion of
particles can be described through Newtonian equations of motion[4]:
mp
D~vp
Dt
= ~FD + Vp(ρp − ρf )~g + ~FPG + ~FVM + ~FL. (3.3)
On the right hand side are given all the forces acting on an immersed body. On
heavy particles the main part of force is implied by drag, lift and inertial forces.
Drag force
Drag force acts on a body in the direction of the flow velocity. Even intuition tells that
drag must be surface area dependent. Also, its value is strongly connected to the
regime of flow, hence fluid velocity. In the equation fluid density and coefficient of
drag are also represented. Consequently equation is following
FD =
1
2
ρu˜2ApCD, (3.4)
where u˜ = uinf−up andAp stands for the reference area on which the force is exerted.
The choice of definition of the reference area is not strictly defined and is left to be
arbitrary chosen. It must be, however, used consistently. Usually it is one of three
types:
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1. Frontal area, the body as seen from the stream,
2. Planform area, body area as seen from above,
3. Wetted area, specially refering to ships and barges.[6]
It must be mentioned that there are many experimental studies made on the topic
of drag coefficients of stationary particles in a uniform flow. These studies encircle
experiments with many various shapes: cubes, tetrahedrons, octahedrons, spheres,
discs, plates, minerals etc. Most of experimental values at low Re were obtained by
observing particle settling. Coefficients for high Re were determined through use of
wind tunnels.[3]
Lift force
Lift only occurs at the non-symmetric flow, which implies that on symmetric body as
sphere the lift force is equal zero. That statement is true also for any immersed body,
that can be symmetrically reflected over the axis, which is parallel to the direction of
flow velocity. In this work all the described shapes will be inclined to an angle and
hence the lift will be presented, but for the case of 0 and 90 degrees. Thus lift force
is described in the following manner :
FL =
1
2
ρu˜2ApCL. (3.5)
CF represents the lift coefficient. In comparison to drag cooefficient, it is significantly
less researched and there are but few experimental correlations existing, with help
of which the coefficient could be derived[4]
3.2 Flow around sphere
Analytical solution for Stokes flow
Stokes flow is a special case in topic of fluid mechanics, since the inertia term in
Navier-Stokes equation can be neglected, because of low Reynolds number. Con-
tinuity equation then looks as follows:
∇v = 0 (3.6)
5
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Figure 3.1: Spherical coordinate system [1]
and the approximate momentum equation is
−∇p
ρ
+ ν∇2v = 0. (3.7)
In order to facilitate the solution we take the curl oncemore on the former equation
−∇×∇p
ρ
+ ν∇×∇2v = 0. (3.8)
The curl of gradient equals 0 and∇2v =∇∇v−∇×∇×v with regard to irrotational
flow∇× v = 0 we gain:
∇3v = 0 (3.9)
Since the case is concerned with a sphere, spherical coordinates would be much
more suitable. First the coordinate system is defined to have the meaning as presen-
ted on Figure 3.1.
Let the ambient velocity be upward, along the z-axis. The axial symmetry de-
mands
∂
∂φ
= 0, v = (vr(r, θ), vθ(r, θ), 0). (3.10)
Continuity equation in spherical coordinates becomes (with using already derived
6
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divergence in spherical polar coordinates)
1
r2
∂
∂r
(r2vr) +
1
r sin θ
∂
∂θ
(vθ sin θ) = 0. (3.11)
The flow is solved in the easiest way by introducing stream function ψ, which must
satisfy continuity equation. We might try to gain a solution with use of potential flow,
but it does not satisfy no slip boundary condition. By using transformation into spher-
ical coordinates stream function is written as:
vr =
1
r2 sin θ
∂ψ
∂θ
, vθ = − 1
r sin θ
∂ψ
∂r
. (3.12)
In next step we decompose velocity U at the infinity into radial and polar components:
vr = W cos θ =
1
r2 sin θ
∂ψ
∂θ
, vθ = −W sin θ = − 1
r sin θ
∂ψ
∂r
, r ∼ ∞. (3.13)
Hence by integrating we gain for a stream function at infinity
ψ =
W
2
r2 sin2 θ, r ∼ ∞. (3.14)
With some mathematical work, we can show that
v =∇×
(
ψeφ
r sin θ
)
(3.15)
and
∇× v = − eφ
r sin θ
(
∂2ψ
∂r2
+
sin θ
r2
∂
∂θ
(
1
sin θ
∂ψ
∂θ
))
. (3.16)
Now we just have to use the curl twice more on the last equation and the derivation
for stream function is done. By doing so we obtain:
(
∂2
∂r2
+
sin θ
r2
∂
∂θ
(
1
sin θ
∂
∂θ
))2
ψ = 0. (3.17)
Now we set boundary conditions on the surface of the sphere
vr = 0, vθ = 0 on r = a. (3.18)
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Since at infinity
ψ → W
2
r2 sin2 θ, (3.19)
we might also try the same form here and prescribe
ψ (r, θ) = f(r) sin2 θ. (3.20)
This is differential equation, which can be solved by using Cauchy-Euler method.
Solution is of the form
f(r) =
A
r
+Br + Cr2 +Dr4 (3.21)
or
ψ = sin2 θ
(
A
r
+Br + Cr2 +Dr4
)
. (3.22)
Now, at the infinity and at the sphere surface boundary conditions are known and
after using them, stream function is
ψ =
W
2
(
r2 +
a3
2r
− 3ar
2
)
sin2 θ. (3.23)
Hence the velocity components are:
vr = W cos θ
(
1 +
a3
2r3
− 3a
2r
)
, (3.24)
vθ = −W sin θ
(
1− a
3
4r3
− 3a
4r
)
, (3.25)
Pressure Pressure can be obtained from the r-component of momentum equation
∂p
∂r
=
µWa
r3
cos θ(= −ν∇× (∇× v)). (3.26)
Integration with respect to r from r to∞ gives
p = p∞ − 3
2
µWa
r3
cos θ. (3.27)
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Stresses and strains Stresses and strains are also computed using transforma-
tion of the equation into spherical coordinates. Almost all are 0, but for rate of strain
err =
1
2
(
∂vr
∂r
+
∂vr
∂r
)
=
∂vr
∂r
, (3.28)
which is also zero when initiating boundary conditions. It follows that τrr = 0 and
σrr = −p+ τrr = −p∞ + 32 µWa cos θ. On the other hand
erθ = r
∂
∂r
(vθ
r
)
+
1
r
∂vr
∂θ
= −3
2
Wa3
r4
sin θ. (3.29)
Resultant stress on the sphere is parallel to z axis:
Σz = σrr cos θ − τrθ sin θ = −p∞ cos θ + 3
2
µW
a
. (3.30)
Then integrating over the sphere surface by turning triple integral into spherical co-
ordinates, but instead of r a can be written as r does not appear anywhere in equa-
tion:
FD =
∫ 2pi
0
dφ
∫ pi
0
Σz sin θa2Σzdθ = 6µWpia. (3.31)
Coefficient of drag is thus
CD =
2 ∗ FD
Wpia2
=
24
ρW (2a)
µ
=
24
Red
. (3.32)
[1]
3.3 Flow around ellipsoid
Correlation by Hölzer and Sommerfeld
For spheres almost entire range of Re is covered with reliable expressions to com-
pute CD. With non spherical particles description of shape is omnipresent, for they
differ not only in shape but in volume as much as in surface areas. An attempt to
avoid complicated descriptions of the shapes has been made by Haider und Leven-
stein, who established a correlation formula, which contains only Re and sphericity
Φ as parameters. Sphericity stands for ratio between surface area of the volume
9
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equivalent sphere and the surface area of considered particle. As sphericity reliably
solves the problems in many cases, it can not describe influence of the particle ori-
entation. To solve problem of orientation Leith suggested the following equation in
the Stokes region:
CD =
8
Re
1√
Φ⊥
+
16
Re
1√
Φ
. (3.33)
He used the crosswise sphericity (Φ⊥), which is the ratio between the cross sectional
area of the volume equivalent sphere and the projected cross-sectional area of the
considered particle perpendicular to the flow. Hölzer and Sommerfeld proposed in
2008 that the use of lengthwise sphericity instead of crosswise sphericity leads to
much better approximations of CDfor Stokes region. The lengthwise sphericity (Φ‖)
is the ratio between cross-sectional area of the volume equivalent sphere and the
difference between half the surface area and the mean longitudinal projected cross
sectional area of the considered particle. By adding the equation, which are re-
modelled to use lengthwise sphericity Hölzer and Sommerfeld proposed the following
equation for CD over entire range of Re:
CD =
8
Re
1√
Φ‖
+
16
Re
1√
Φ
+
3√
Re
1
Φ
3
4
+ 0.42100.4(− log Φ)
0.2 1
Φ⊥
. (3.34)
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4 DESCRIPTION OF OPENFOAM
It has been one of the primary aims of this work to use a free software OpenFOAM
in order to run simulations. This tool is really powerful in the domain of CFD, but it
has a great disadvantage, which is the lack of graphical user interface.
It was created by Henry Weller in late 1980, who wished to develop a more flex-
ible general simulation platform in comparison to the the others at the time, which
were based on FORTRAN. He chose C++ as a programming language, due to its
modularity and object oriented features. During he years OpenFOAM remained free
ware, but it changed the owner of copyrights, which is at the time of release of present
work CFD Direct.
OpenFOAM is first and foremost a C++ library used to design executables known
as applications. These applications are divided into two groups: solvers and utilit-
ies. Solvers represent the code, that is used to solve specific problems in continuum
mechanics. Utilities are executables designed to perform different tasks that involve
data manipulation.
OpenFOAM is supplied with pre- and post-processing environments. The interface
to the pre- and post-processing are themselves OpenFOAM utilities, therby ensuring
consistent data handling across all environments. The overall structure is shown in
figure 4.1.[2]
Solver codes are largely procedural, which means they are just the code of what
has been written on the topic of transport phenomena. And as such, the program
offers a lot of possibilities for user to change or implement his own code. User does
not need to know a deep understanding of code, but has to know principles behind
object oriented programming and some basic knowledge of C++ code syntax.
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Open Source Field Operation and Manipulation (OpenFOAM) C++ Library
Pre-processing Solving Post-processing
Utilities Meshing    tools
User 
Applications
Standard 
Applications ParaView
Others 
e.g. EnSight
Figure 4.1: Overview of OpenFOAM structure [2]
4.1 Pre-processing
File strucuture
Since original release of OpenFOAM does not have any GUI, it is necessary that
user follows the strict rules of how the case should be set in order to be run properly.
OpenFOAM project always consist of 3 main directories through which program is
lately launched:
The ”constant” directory contains full description of mesh inside ”polyMesh” sub-
directory. Files that describe physical properties of the fluid or any other ap-
plication concerned are also located inside this directory.
The ”system” directory inside it the files containing full procedure and parameters
to run the solvers and applications are located. At least three files must be
presented inside: controlDict where run control parameters are set, fvSchemes
with description of discretisation schemes and fvSolution where the equation
solvers, tolerances and other algorithms are set for the run.
The ”time” directory usually it is only ”0” before simulation which represents the
time 0 of simulation. During the process of simulation many other time direct-
ories appear always according to set-up in dictionaries in ”constant” directories.
Inside time directory there are several files that describe boundary and starting
conditions of different vector and scalar fields. Speaking of fluid mechanics
problems, then pressure and velocity fields are the ones to be concerned with.
Of course there could be many other different files inside each of directories. It
depends on the solver the user is about to use. Sometimes it is rather confusing what
12
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<case>
system
controlDict
fvSchemes
polyMesh
points
. . .Properties
constant
fvSolution
boundary
timedirectories
faces
owner
neighbour
Figure 4.2: Directory structure [2]
to include or not include and in order to avoid similar problems tutorials and templates
have been made by authors of OpenFOAM. Thus simple copying of already existing
case and rearrangement of parameter values and the dictionaries (by dictionaries
text files inside the three directories are meant) in general facilitate the process of
start-up. The order of directories and files are shown in Figure 4.2.
Mesh generation
OpenFOAM does not offer any CAD software, for it has been created only for use
of computation. It does include, however, a simple program called blockMesh, that
can be used to design the mesh. It is represented by nothing more but with another
dictionary that has to be written. In blockMesh all the vertices and arcs and block
have to be defined manually. It is not really useful when complicated geometries are
demanded. Still, for simple geometries it is a quick and reliable tool once mastered.
Inside the dictionary different patches have to be defined i.e. inlet, outlet, walls etc.
In other common packages, as Ansys, the patches can be defined by simply clicking
on geometry. That is significantly more un-friendly in OpenFOAM. User has to be
careful to declare proper patches and correct types of patches. For example de-
claring inlet as a wall would cause errors in the beginning of simulation. To sum it
up, blockMesh is useful for certain simple geometries and is not applicable for com-
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(a) Background mesh (b) Cell splitting
(c) Cell splitting (d) Cell removal
Figure 4.3: Steps in generating mesh with snappyHexMesh [2]
plicated geometries. But even as such blockMesh can be used to define boundary
domain and is very suitable when joined by snappyHexMesh as it will be shown.
snappyHexMesh Although there is a possibility to import the mesh from other
sources as Fluent or Gambit, OpenFOAM includes yet another utility -snappyHexMesh.
It generates 3-dimensional meshes containing hexahedra and split-hexahedra auto-
matically from triangulated surface geometries in Stereolithography (STL) or Wave-
front Object (OBJ) format. Mesh approximately conforms to the surface by iteratively
refining a starting mesh and morphing the resulting mesh to the surface. The spe-
cification of mesh refinement level is very flexible and the surface handling is robust
with a pre-specified final mesh quality.[2]
To successfully run snappyHexMesh user must provide several things:
• tri-surface files must be located inside directory ”constant/triSurface,”
• background mesh is required to define the extent of the computational domain
and a base level mesh density,
• inside ”system” directory a new dictionary ”snappyHexMeshDict” with all the
14
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appropriate entries must be placed.
Purpose of snappyHexMesh is to create mesh. Whole process is made of several
steps. User should firstly define a background mesh (Figure 4.3a). Usually it is done
in blockMesh. There are some criteria to be observed for bacground mesh:
• mesh must consist only of hexahedres,
• there must be at least one intersection of a cell edge with .STL,
• cell aspect ratio should be around 1.
Next step is cell splitting. In that step cells of background mesh, located inside the
given surface, are split until the given criteria is met i.e. they are split until the smal-
ler cells define the boundary of surface as shown in Figure 4.3c. Removal of cells
follows. Cells that are on boundary remain, the other cells inside will be removed.
The region in which cells are retained are simply identified by a location vector within
that region, specified by the ”locationInMesh” keyword inside snappyHexMeshDict.
Cells are retained if 50% or more of their volume lies within the region. The remain-
ing cells are removed accordingly (Figure 4.3d).
The last stage is so called snapping process in which cell vertex points are being
moved onto surface geometry to remove the jagged castellated surface from the
mesh.
All this done, mesh generation can be performed.
Boundary and initial conditions
Once mesh has been created it is necessary to set initial and boundary conditions.
Files, where these conditions are to be found, are located inside ”0” directory, if the
simulation is set to start with 0 time. Each vector and scalar field has its own file.
User has to change each of them in order to get reliable results. In laminar steady
state flow only two files are important: ”p”- pressure field and ”U” - velocity field.
By opening the files user can change values of internal field and set the boundary
conditions for each face - patch.
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Post-processing
OpenFOAM is supplied with a post-processing tool paraFoam that uses ParaView,
an open source visualisation tool. With results loaded into ParaView user is able to do
many different sorts of data manipulation. ParaView has a graphic user interface and
is really easy to use. User can produce different countour or vector plots. With use of
streamTracer one can also make streamlines. Data managing is also possible, but it
is easier to user second mean of post-processing tools that are offered. OpenFOAM
comes with ”non-GUI” post-processing tools. They can be used either during run-
time or as usual after simulation is finished. Using run-time tools, the commands
must be included inside ”controlDict” with statements to declare, which tools to use.
There are many different possibilities, but for the purpose of this work two are most
applicable:
• forceCoeffsIncompressible: writing coefficients of drag and lift for every step,
• forcesIncompressible: writing forces and moments for every step.
Computation of forces is grounded on 6 DOF model. Forces are summed as a result
of pressure forces and the forces exerted by skin friction [7]:
F = −
∮
A
npdS︸ ︷︷ ︸
form drag
+
∮
A
nτdS︸ ︷︷ ︸
surfacefriction
(4.1)
4.2 Couette flow
In order to explain how the software works a short tutorial will be described using
Couette flow, for that the results can be obtained analytically and so results are easily
comparable. To facilitate the simulation, the 2 dimensional view is chosen. The
computational area is x = 30 cm long and y = 2 cm high. Whole systemwith boundary
conditions is represented in Figure 4.4. In our case upper plate moves with 1m
s
and
the velocity of fluid on sides is set as zero gradient. The analytical solution is known
and can be looked upon in every fluid dynamics book and so there we leave the
mathematical derivation. The solution is therefore:
u(y) =
u0
h
y. (4.2)
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Preprocessing
In the beginning all the files and directories must copied and obtained to get a fully
working preparatory file. Best practice is just to copy files from tutorials, that come
with the program. In our case solution will be obtained by using icoFoam, hence we
simply copy the files from a case within icoFoam tutorials. Next step is to prepare
and generate mesh. ”blockMesh” file must be opened. It is not concern of this work
to describe openFOAM in every detail and so only the main steps will be explained.
Inside blockMesh we set the dimensions and number of mesh cells. Boundaries and
patches also have to be defined, which are:
boundary
(
fluidWalls
{
type patch;
faces
(
(0 4 7 3)
(2 6 5 1)
);
}
movingWall
{
type patch;
faces
(
(3 7 6 2)
);
}
rigidWalls
{
type wall;
faces
(
(4 0 1 5)
);
}
frontAndBack
{
type empty;
faces
(
17
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(0 3 2 1)
(5 6 7 4)
);
}
);
Every boundary written also has the number of faces that define it. After arranging
it this way, the file can be close and mesh should be generated by using command
in terminal:
blockMesh.
We have to move to ”0” directory where the boundary conditions are managed.
”p” and ”U” files must be opened and rearanged. The ”p” looks like this:
/*--------------------------------*- C++ -*----------------------------------*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: 4.x |
| \\ / A nd | Web: www.OpenFOAM.org |
| \\/ M anipulation | |
\*---------------------------------------------------------------------------*/
FoamFile
{
version 2.0;
format ascii;
class volScalarField;
object p;
}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //
dimensions [0 2 -2 0 0 0 0];
internalField uniform 0;
boundaryField
{
movingWall
{
18
University of Maribor - Faculty of mechanical engineering Master thesis
type zeroGradient;
}
rigidWalls
{
type zeroGradient;
}
frontAndBack
{
type empty;
}
fluidWalls
{
type fixedValue;
value uniform 0;
}
}
// ************************************************************************* //
and ”U” file looks like this:
/*--------------------------------*- C++ -*----------------------------------*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: 4.x |
| \\ / A nd | Web: www.OpenFOAM.org |
| \\/ M anipulation | |
\*---------------------------------------------------------------------------*/
FoamFile
{
version 2.0;
format ascii;
class volVectorField;
object U;
}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //
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dimensions [0 1 -1 0 0 0 0];
internalField uniform (0 0 0);
boundaryField
{
movingWall
{
type fixedValue;
value uniform (1 0 0);
}
rigidWalls
{
type noSlip;
}
frontAndBack
{
type empty;
}
fluidWalls
{
type zeroGradient;
}
}
// ************************************************************************* //
Computational domain and boundary conditions
As a last step before running simulation the solver must be set. ”controlDict” file
is opened and time step is changed to 0.05 and end time is set at 10 s, to ensure
correct solution. The file looks like following:
/*--------------------------------*- C++ -*----------------------------------*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: 4.x |
| \\ / A nd | Web: www.OpenFOAM.org |
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dx
= 0
u = 0, dp
dx
= 0
p = 0 p = 0
Figure 4.4: Couette flow
| \\/ M anipulation | |
\*---------------------------------------------------------------------------*/
FoamFile
{
version 2.0;
format ascii;
class dictionary;
location "system";
object controlDict;
}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //
application icoFoam;
startFrom startTime;
startTime 0;
stopAt endTime;
endTime 10;
deltaT 0.05;
writeControl timeStep;
writeInterval 10;
purgeWrite 0;
writeFormat ascii;
writePrecision 6;
writeCompression off;
timeFormat general;
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Figure 4.5: Couette flow u=u(y)
timePrecision 6;
runTimeModifiable true;
functions
{
#includeFunc CourantNo
#includeFunc singleGraph
}
// ************************************************************************* //
Also, two applications are specified to make post-processing easier. We leave
the description of numerical methods used as it has not been changed. Thus set-up
is finished and the simulation is run on terminal by using command: icoFoam.
Postprocessing
Best way to ensure if results are correct is to plot a graph of velocity dependency
from y coordinate. We choose x = 20 and plot the values. Quick observation tells
us that simulation was correct as it agrees with the analytical solution (Figure 4.5).
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5 PROBLEM SET-UP
In order to solve problem in such a manner that the results would be easily compar-
able to the results of other researches (especially referring to [4]),it might be very
convenient to choose shapes of same parameters. Consequently two prolate ellips-
oid, one disc and a sphere were chosen. Values of their dimensions, sphericities are
represented in Table 5.1.
Further on, some more informations on fluid are necessary. It must be noted that
non-dimensional quantities describing the flow field depend only on the Reynolds
number. Its value defines the flow field once shapes and its attitude to the direction
ofmotion have been specified. It represents ratio of inertial forces and viscous forces.
For flow around irregular shaped bodies it is defined as:
Re =
ρu˜dp
µ
, (5.1)
where dp being the diameter of a sphere with identical volume as the selected body.
Some considerations must be taken over the values of Re. When Re  1 then
the inertial forces in the fluid are significantly smaller in comparison to the share
of viscous forces. From observations it follows that the dominant process is the
diffusion of vorticity away from the body. Thus turbulence may be omitted and not
taken into consideration as it does not affect the fields of interest very close to the
body. That is not so when specifying Re > 1. These values are split into 2 regions:
• Newtons region : 1 Re or (100 < Re),
• transitional region with 1 < Re < 100.
In the latter it became clear through observations that as Re increases convection
term from Navier-Stokes equation becomes more effective in sweeping the vorticity
Table 5.1: Parameters of selected shapes
Ellipsoid 1 Ellipsoid 2 Disc Fibre Sphere
a 5 5 5 5 5
b 2 4 1 1 5
Φ 0.88 0.99 0.88 0.99 1.00
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Table 5.2: Values of flow parameters
Ellipsoid 1 Ellipsoid 2 Disc Fibre
dp[mm] 5.4 8.6 5.8 3.8
µ[Pas] 1842 1161 1710 2614
ν[m2/s]10−4 5.4 8.6 5.8 3.8
Ap[mm
2] 23.1 58.3 26.9 1.1
downstream as it diffuses away from the body. In relation to a statement that at
Re  1 inertial terms can be ommited, consequences could be held that at higher
Re viscosity forces are negligible, which would be, however, not completely true. [8]
Considering the latter, decision has to be made at which Re the simulation will
be run. The task has been to compute forces in a laminar flow, what would suggest
that Reynolds numbers must be considerably low. As long as the value is the same,
almost all other parameters can be freely adjusted. In present work values of 10 and
0.1 has been chosen for Re. Density has the value of 1 kg
m3
and velocity 1m
s
.
In dependancy of the shape, the particle diameters have to be determined along with
the kinematic viscosity and the reference area. Values for dp follow from following
equations:
4
3
pir3p =
4
3
piab2 (5.2)
rp =
3
√
ab2 (5.3)
for ellipsoids,
rp =
3
√
ab2 (5.4)
for disc and
4
3
pir3p =
4
3
pib3 + 2pi(a− b)b (5.5)
rp =
3
√
3
2
(a− b)b+ b3 (5.6)
for fibre. Reference areas were computed according to equation for circle area i.e.
Ap =
pid2p
4
. When dealing with OpenFOAM, the kinematic viscosity is demanded,
which is obtained from dynamic viscosity ν = µ/ρ. All important values are given in
Table 5.2
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Figure 5.1: Computational domain
5.1 Computational domain and boundary conditions
With particles and their shapes defined, the next stage is to define computational
domain. Particles are exposed to freestream velocity which is as much as putting
them into external stream that is unbounded. Anyway, it can not be just stated that
somewhere there is a flow of fluid. The volume where fluid is, must be defined. In
order not to affect computation of parameters around the chosen shape, that area
has to be large enough. As a rule length behind the shape must be three times
the diameter with direction of flow velocity as a point of view. Thus the measures of
the bounding area were chosen to be 50∗50∗50. Domain is presented on Figure 5.1.
Further on, characteristics of the domain must be prescribed to be able to solve
Navier stokes equations. Flow is directed parallel to x axis. Particles are set into
the area as it is shown in figure 5.2. On the walls zero gradient boundary conditions
both for presure and velocity are set. Each particles is defined as a patch with no slip
velocity (velocity is zero) and zero pressure gradient. At the inlet uniform velocity is
defined and again zero pressure gradient. Zero velocity gradient stands for the patch
in outlet, where pressure is defined zero. Boundary conditions can be observed on
Figure 5.2.
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Figure 5.2: Boundary conditions
5.2 Mesh
In that phase the geometries must be prepared, with the meshing as next step. Both
of the tasks were carried out by using freeware CAD software ”FreeCAD”. Firstly,
the shapes have been defined and then meshed. Mesh tool in FreeCAD works with
triangular mesh. For an exact simulation very fine mesh has been desired. Para-
meters of the mesh were following:
• mesh size grading : 0.1,
• elements per edge : 3.0,
• elements per curvature radius : 5.0.
After the triangulated mesh has been generated it has to be exported in .STL format
for further use. Next step is to prepare all the necessary files and dictionaries that
OpenFOAM requires to run simulation . In the beginning copy of .STL file must be put
into the STL surface directory, which is located in ”constant” directory. Proceeding
the snappyHexMeshDict in system directory must be changed. SnappyHexMesh is
utility in OpenFOAM that converts triangular mesh to hexahedres. Location of .STL
files must be defined and other refinement parameters. Around each particle three
extra layers are set to get better results.
BlockMeshDict is arranged according to our boundary domain. Before setting
any further parameters we are obliged to launch blockMesh and snappyHexMesh.
Mesh is created and the work proceeds by setting values of parameters and solvers
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Figure 5.3: Mesh details
as a part pre-processing phase. Figure 5.3 shows the exerted mesh. Mesh is really
irregular under the particle, this might be the production of mesh triangulation.
5.3 Preprocessing
As the flow is steady and considered laminar, we are using OpenFoam solver called
simpleFoam. This solver is based on SIMPLE algorithm, which is essentially a
guess-and-correct procedure. Also, because of steady flow prediction time step does
not have to be very small and hence it is set to 1 s. The options dealing with output
and time requisites can be found inside the ”controlDict” file. It has to be decided on
the number of time steps i.e. how long simulation will be running.
Figure 5.4 shows the dependency of the precision of computed CD on time step.
Taking particular shape and running it, it is easily concluded that 150 time steps are
more then enough to get precision that is applicable for further engineering applica-
tions. Different numerical schemes and systems are possible to solve the system of
equations. They are managed inside ”fvSchemes” and ”fvSolution” files. The most
important numerical schemes used in this work are presented in Table 5.3.
Inside ”constant” directory two files are located: ”turbulenceProperties” and ”trans-
portProperties”. First is not relevant running laminar flow simulation, still the simu-
27
University of Maribor - Faculty of mechanical engineering Master thesis
 0
 1000
 2000
 3000
 4000
 5000
 6000
 7000
 8000
 9000
 10000
 0  50  100  150  200  250  300  350  400
Cd
 [-
]
Time step [s]
Cd dependency on time step
Figure 5.4: CD dependency on time step
Table 5.3: Numerical schemes used
Operator Scheme used
Time derivative Steady state
Gradient Gauss linear
Divergence Gauss linear up wind
Laplace Gauss Linear
Interpolation Linear
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lation type parameter has to be changed to ”laminar”. Inside the second, value of
kinematic viscosity must be updated. At the end starting and boundary conditions
for different patches have to be set inside ”0” directory. That is done by opening ”U”
and ”p” files. Thus the process of simulation set-up is finished and the simulation is
ready to be run.
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6 RESULTS
When simulations are finally computed, the outcome has to be checked and evalu-
ated. Results are preferably compared to similar studies. We find one in [4]. Also,
the results are compared to experimental correlations, which are explained in earlier
chapters of this work.
To get the results with help of Hölzer and Sommerfield correlation, somemore for-
mulas are necessary to describe different sphericities. Since ellipsoids were chosen,
equation can be found to compute different projection areas. Equation to compute
projected area of an ellipsoid in chosen direction is following [9]:
Sproj = pi
√
(l2b2c2 +m2c2c2 + n2a2b2), (6.1)
where
l = cos θ sinφ, (6.2)
m = sin θ sinφ, (6.3)
n = cosφ. (6.4)
To evaluate ellipsoid surface the Knud-Thomsen formula is used:
S = 4pi
(
(apbp + apcp + cpbp)
3
) 1
p
, (6.5)
where
p = 1.6705. (6.6)
It must be mentioned that cross-wise sphericity and length-wise sphericity of one
shape change with the angle value. In addition the values of CD according to cor-
relation in [4] have been computed after computing the same values with use of
equation by Hölzer and Sommerfeld. Values of CD were obtained with the help of
OpenFOAM application (look Chapter 4).
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Figure 6.1: Sphere plots at Re = 100
6.1 Sphere
Unfortunately there is a strong need to be able to compare results of simulation to the
experimental. Some differences in computing the flow surface area or similar may
arise, which might be reason, why the results of CD differ, but resulting forces are
correct. However, that is not a reason when taking a flow over the sphere in scope.
Surface area is only one - that of the circle. Also, to be sure of correct methods and
numerical schemes used, the results are compared to those of [10]. In the named
article, the authors use Fluent code to simulate flow past a sphere at Re = 100 with
no turbulence effects. Their result is CD = 1.087.
Simulation has been run on the mesh consisting of 480000 cells. Mesh is shown
in the Figure 6.1b. The sphere has radius of 5 and lies in the middle of the mesh.
All the numerical schemes were the same as these for ellipsoids. The final obtained
result for CD lies at 1.093, which produces a relative error of 0.55%. The results
match quite good to these obtained experimentally and with simulations using Fluent.
6.2 Ellipsoids
Looking at the plots on Figure 6.1 it can be seen that the values do not not fully
match. The best matching is the one between ellipsoid 2 and the correlation of [3].
Ellipsoid 2 has the highest sphericity value and is almost similar to sphere, which
might be a good explanations for such behaviour of CD. In opposite, comparison
with [4] represents a big error extending from 15 to 25%. Error is the highest for
disc, but is very hard to predict why. Turbulence is present and making an assump-
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Figure 6.2: Comparison of Cd coefficient at Re = 0.1
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Figure 6.3: Comparison of Cd coefficient at Re = 10
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(a) Velocity(arrows) and pressure field (b) Velocity streamlines
Figure 6.4: Field representations Re = 0.1
tion of non-turbulent flow could make an error, though considering flow at Re = 0.1,
effects of turbulence should be as high as nothing.
Situation with Re = 10 is similar. For ellipsoid 1 and ellipsoid 2 error stands
between 1-10% in comparison to [3]. Again errors are much higher in comparison to
[4] and shape functions are still the same. The highest deviation is observed in case
of disc. Its values precede those of studies of Hölzer ans Sommerfield. Reason for
it may be looked upon in the shape. Its shape resembles the least to that of sphere.
In Figure 6.4a both observed fields are plotted. Velocity field is laminar and there
are no fluctuations, which is just as we set it. Its highest value stands at 1 m/s as
expected. Also, the pressure has its highest value on the front surface and low-
est behind of particle proving that there are no big errors made in pressure velocity
computing. A slight better representation of velocity field can be viewed with help of
streamlines (Figure 6.4b).
Figure 6.5 represents residuals during the simulation. Observing it, it is easily
concluded that all the important residuals are iterating towards zero. Mathematically,
the values of residuals are non continuous, which wouldmean non-natural behaviour,
but it ought to be reminded, that this is a consequence of using numerical methods
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Figure 6.5: Residuals ellipsoid 2, 40 ◦, Re = 0.1
to get a solution. Consequently the numerical schemes were correctly chosen and
physics seems to be physically correct.
6.3 Discretisation error
Error of discretisation has to be evaluated through Richardson extrapolation. With
help of which it is possible to decide what mesh density is still good enough to obtain
satisfying results with the lowest time of mesh processing. In the beginning a shape
at random angle must be chosen to perform analysis. Ellipsoid 1 with angle of 60◦ is
taken.In the following step 3 or more different mesh densities have been created and
they went through calculation process. The following rule must be noted for meshes:
Table 6.1: Richardson extrapolation
N1, N2, N3 13220, 29550, 60040
r21 2.23
r32 2.031
φ1 285
φ2 297
φ3 298
p 1.77
φ21ext 280.8
e21a 4.3%
e21ext 1.38%
GCI21fine 1.7%
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Nρ+/Nρ− = 1...3, where N is number of mesh cells and ρ+ and ρ− represent higher
or lower mesh density. In next three steps several equations must be solved.
1. Order p of computational method has to be defined through next values:
r21 = h2/h1, r32 = h3/h2. (6.7)
Differences of the parameter φ have to be computed:
32 = φ3 − φ2, 21 = φ2 − φ1. (6.8)
To evaluate p numerical methods have to be used. We decide for the simplest
- bisection method. Nonlinear system to solve is following:
s = 32/21, (6.9)
p =
|ln|32/21|+ q(p)|
ln(r21)
, (6.10)
q(p) = ln(
rp21 − s
rp32 − s
). (6.11)
2. Last two steps include computation of extrapolated value φ21ext, relative errors
according to it e21a , e21ext and index of convergence GCI:
φ21ext = (r
p
21φ1 − φ2)/(rp21 − 1), (6.12)
e21a = |
φ1 − φ2
φ1
|, (6.13)
e21ext = |
φ12ext − φ1
φ12ext
, (6.14)
GCI21fine = 1.25e
21
a /(r
p
21 − 1). (6.15)
For a case in this work the desired parameter were forces, but no mistake is made
if drag coefficient CDis taken, as the relation between the two suggests. We have
chosen three different mesh densities: 13220, 29550, 60040 (Figure 6.6).
There are several possibilities how mesh can be enlarged. One could define
more elements just around the walls of particle or generate more cells in general.
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(a) N = 13220 (b) N = 29550
(c) N = 60040
Figure 6.6: Mesh comparison - ellipsoid 1, 60 degrees
The second of two has been taken as it describes better the fields in farther areas.
That enlargement proceeds with defining more blocks in blockMeshDict. General
error of discretisation may lead to the sum of 1.7%. To make an easier decision plot
of mesh density in dependency on CD is drawn Figure 6.7.
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Figure 6.7: CD dependency on mesh size (bezier curve)
All this performed, the mesh size has been declared N=50000 for each case.
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7 SAFFMAN LIFT
7.1 Physics theory
In 1962 Segré and Silberberg proved experimentally the inertial migration of neutrally
bouyant spheres, that has been since investigated theoretically by many authors.
When two-phase suspension (case of many particles) flows through a channel, as
in flow through pipe, then concentration of particles tends to be travelling away from
the centerline. They show even larger decrase when defining flow closer to the wall.
Meanwhile the concentration of the spheres increases at an equilibrium position 0.6
of a pipe radius from the centerline. In [11] reader can found a profound explanation
of the phenomena. Migration is due to to the inertia of the fluid and the succesfull the-
ories have included wall effect as well as the convective acceleration. The Reynolds
number must be small:
Re = Um
l
ν
 1, (7.1)
where Um is the maximum velocity and l channel width.
In present work the normal Poiseuille flow disturbed by a sphere is about to be
simulated, where sphere sphere moves along the streamlines. If there was a tend-
ency to analytically define solutions for the flow one of the options is to attach the
disturbance flow, which represents the deflection of the flow caused by a sphere.
Governing equations would then be:
µ∇u−∇p = ρ
(
∂u
∂t
+ u˜∇u+ u∇u˜+ u∇u+Up∇u˜
)
, (7.2)
∇u = 0, (7.3)
u = Up + Ωp ∧ r − u˜(z) on r = a, (7.4)
u = 0 on z = −d and on z = l − d, (7.5)
u ∼ 0 as x→∞, (7.6)
where u˜ is the undisturbed Poiseuille flow, Up andΩpare translational and rotational
velocities of the sphere and d is the lateral distance of the sphere from the wall.[12]
This work, however, is not concerned by theoretical and analytical solutions of
37
University of Maribor - Faculty of mechanical engineering Master thesis
the flow. Its main concern is to get the numerical solution of velocity and pressure
fields. The used software provides some different solvers, that are able to compute
the new position after the force impact. After some research the symplectic solver is
chosen. Its physics is still built on the same physics that is used elsewhere but with
different approach - different models used. It uses Hamiltonian model of particles
motion description.
7.2 Hamiltonian approach
In order to be able to describe methods used to solve equation equation according
to Hamilton physics are presented, as the methods include these equations to solve
the movement. In general Hamiltonian is
H = T (p) + V(q) (7.7)
Where T represents the total kinetic energy of the system, p stands for generalised
momenta, V is total potential energy of system and q are generalised positions.
As next total kinetic energy is defined as
T (p) = 1
2
pTM−1p, (7.8)
where M is a mass matrix. The following two equations are necessary to solve
equations of motion in Hamiltonian description
q˙T = +
∂H
p
, p˙T = −∂H
∂q
(7.9)
7.3 Symplectic solver
To numerically solve equations ofmotion, some numerical methods has to be chosen.
It is decided to use symplectic method, which is another option as opposing to tra-
ditional use of parameters. There are many studies performed on that topic and is
evident that integrators in symplectic solution provide clear-cut efficiency and stabil-
ity improvements. In this section a simple implementation is shown, as we also have
to be aware of the parameters, we have to set according to solution procedure.
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A body can be described with position boldsymboltor q, orientation matrix Q, and
boldsymboltors for its linear and angular momentum p, pi. Q consist of direction co-
sines between the global axes system and a local body-fixed frame. In first step we
need to calculate linear force boldsymboltors fn and torques τn at time tn = t0+n∆t.
Both of them are functions of all position boldsymboltors and orientation matrices.
When force has been calculated the integration step begins. First we integrate for
half of a time step:
pin+1/2 = pin +
1
2
∆tτ n,pn+1/2 = pn +
1
2
∆tfn. (7.10)
After it mass center is moved a full step
qn+1/2 = qn +
1
2
∆tpn+1/2m. (7.11)
When rotations are allowed or presented we apply them to all angular momenta
and after an update of all orientation matrices follows:
R1 := Rx
(
1
2
∆t
pi1
I1
)
; piR1pi; Q = QR
T
1 (7.12)
R2 := Ry
(
1
2
∆t
pi2
I2
)
; piR2pi; Q = QR
T
2 , (7.13)
R3 := Rz
(
1
2
∆t
pi3
I3
)
; piR3pi; Q = QR
T
3 , (7.14)
R4 := Ry
(
1
2
∆t
pi2
I2
)
; piR4pi; Q = QR
T
4 , (7.15)
R5 := Rx
(
1
2
∆t
pi1
I1
)
; piR5pi; Q = QR
T
5 , (7.16)
where i1, I2, I3 are elements of diagonal inertia tensor of a body and pi1,pi2,pi3
are components of pi. R
x
(φ) denotes a rotation around x axis by an angle φ
Rx(φ) =

1 0 0
0 cos(φ) − sin(φ)
0 sin(φ) cos(φ)
 =

1 0 0
0 1−φ
2/4
1+φ2/4
− φ
1+φ2/4
0 φ
1+φ2/4
1−φ2/4
1+φ2/4
,
 (7.17)
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where themost right matrix is a computationally efficient representation of first matrix.
Now it is possible to propagate the momenta another half step:
pin+1 = pin+1/2 +
1
2
∆tτ n,pn+1 = pn+1/2 +
1
2
∆tfn. (7.18)
That is the end of one integration step. Since the forces and torques are not
dependent on momenta there is no need to calculate forces again.[13]
7.4 Simple non-fixed sphere in fluid motion
To be able to predict the whole process of defining a 6 degrees of freedom motion (6
DOF) as a result of interacting forces on a rigid body, it is advisable to start with a very
simple example that can represent the rightneous of the process, that is going to be
simulated. Therefore we decide to put a sphere into a channel with certain dimen-
sions and with whole defined parameters. Figure 7.1 shows how the experiment is
to be simulated. A three dimensional channel of dimension 280∗160∗160 being x,y,z
has been set up. At time zero sphere centre finds itself at point S(80, 80, 80). Bound-
ary conditions are also represented on Figure 7.1. It is necessary to mention that
since sphere is moving, it has special boundary condition of a moving wall, where
the initial conditions have to be defined, but later its velocity is adapted. As we are
not concerned with any special fluid, we are allowed to take care only of Reynolds
number. For a sphere in laminar flow value Re = 10 is a proper choice. By velocity
of the fluid 0.1m
s
the viscosity can be computed accordingly from equation
Re =
UD
ν
, (7.19)
with knowing D = 5mm. All the parameters used for that case can be looked upon
in Table 7.1
There is however a certain issue that has to be explained. To compute the move-
ment of a rigid body by interacting forces, the moving mesh will be used. As it is clear,
the mesh can not be deformed too much, as the computations would be wrong in
spite of to high values of cell ratios. To solve that issue, we can use the following
trick. We decide up to what value cells can be deformed and when the deformation
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Table 7.1: Parameters for sphere in channel
Diameter [mm] 5
Reynolds num. [-] 10
fluid velocity - v[m
s
] 0.1
Sphere mass [kg] 6.54e-8
Moment of inertia [kgm2] 1.6362e-13
Density of sphere [ kg
m3
] 1
Figure 7.1: Position of sphere in channel
reaches the border, simulation is stopped. In order to continue the simulation, the
remeshing is done by centering the sphere so that the values of last computed cen-
ter of rotation are equal to the center. This can be done until movement does not
proceed out of borders of domain. But when remeshing and computing values anew
all the field values formerly computed are deleted. There is, however, a possibility
in OpenFOAM to map field values and in the same time to interpolate the values
in missing meshes. That fact is very useful and we will try to represent how the
simulations are done.
First mesh step
Under the description of first step we understand the first meshing, just as the second
step is meant to be first remeshing. With a reason only of clarifying, not more than
two steps will be shown.
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As it has been already mentioned, solution will be found according to 6DOF, but
in order to use it, we have to find a CFD solver first. In OpenFOAM only pimpleDyM-
Foam is enhancing similar computations. Apart from solution controls and mesh
controls, we are obliged to create another file inside ”Constant” with a name ”dynam-
icMeshDict”. In that file all information about the rigid body have to be represented
including the chosen solver (Symplectic) and constraints. The only constrain that will
be applied is constraint of non rotating. As the flow is symmetrical, we can assume
that no rotation will be applied and the computation is so quicker. Time step is set to
∆t = 0.001 and the end time of simulation is set to 0.1s
To get a fully working OpenFOAM case, we have to follow the rules and so the pre-
processing, meshing and post-processing have to be included. We copy a tutorial
case of wing motion from ”tutorial” directories and rearange it. We continue with the
next steps:
1. Defining a domain in ”blockMeshDict”. Its size is
(x, y, z) = (280, 160, 160)mm. (7.20)
Patches have to be set so that the walls are named wall and patches are patch.
2. Opening ”snappyHexMeshDict” and changing the values in a way that a sphere
will be made. We center the sphere into (80,80,80).
3. Running ”blockMesh” and ”snappyHexMesh” applications.
4. Changing the primary field values in ”0/U” and ”0/p”.
5. Changing the values in ”dynamicMeshDict” and in ”transportProperties”.It might
be worth mentioning that extremly important parameters in ”dynamicMeshDict”
are: inner distance, outer distance, acceleration damping and acceleration re-
laxation.
Once these steps have been done, case is ready to be run.
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(a) Mesh beginning (b) Mesh after
Figure 7.2: Meshes of first meshing step
Second mesh step with field mapping
The second mesh steps begins at the last time step of the first step, which means
the last position of sphere centre has to be transferred to a new directory, where
all the options are considered the same as in former step, just the mesh has to be
remeshed. As we explained in chapters earlier, the field values are really important
to be also updated from the last step. That may not be that important for that par-
ticular example, where velocity and pressure field are very simple, but with some
complicated geometry that is very important. With using OpenFOAM mapping field
is also not that really tedious work, as it includes an application to interpolate the
values of the mesh. Also the values of interpolation should be pretty close to true
results, for the mapping from the last time step (with same mesh parameters), will
just move mesh backwards and will only change it for neglecting values.
The only step in the second mesh step is hence to map the fields and to change
the centre to mesh.
Results
First mesh step Considering present computation we must observe the moving of
the mesh and its deforming. For the first step we see the two meshes in the Figure
7.2.
We can observe that at the end of computation mesh is slightly deformed, but
deformation is not critical as it deforms rationally. Also, around the sphere the mesh
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(a) Pressure 1st step (b) Velocity 1st step
(c) Pressure 2nd step (d) Velocity 2st step
Figure 7.3: Comparison of fields at the end of 1st and beginning of 2nd step
is not deformed as the settings in OpenFOAM allow as to do so. That makes com-
putations even more reliable for the field around the sphere is the most important
for the strict computation. The next things of interest are the fields at the end of one
step and beginning of the second step.
figures 7.3a and 7.3b show the field values at the deformed mesh. Observing
the, we see that the mesh volumes around sphere start to get values of fluid velocity,
which has clear sense as the density of particle is the same as that of the fluid.
Secondmesh step Figure 7.4 shows the mesh created for the new case. It can be
stated mesh is created nicely with the new position of sphere. Also, figures 7.3c and
7.3d show clearly the mapping of the fields. Observation of them tells that mapping
has been executed without any troubles and that values are in the same scale.
Next step in declaring results is to collect information about the centres of sphere.
Let us not forget that we have constrained rotations, but the moving in all directions
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(a) Mesh beginning (b) Mesh after
Figure 7.4: Meshes of second meshing step
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Figure 7.5: Data on sphere centres
is still allowed. When we work out the data, we get Figure 7.5. As it was expected
from laminar flow, movement is strictly linear and follows the course of fluid. Also
observing the velocity profile, we can see a small disturbation, where the mesh has
been changed, but not of higher importance.
7.5 Saffman criterium
To come closer to real physical solution in channel flow a phenomena called saffman
effect should happen. Because of no-slip boundary conditions on walls (upper and
lower wall), the velocity profile in form of parabola is formed. Thus the sphere po-
sitioned away from center line starts to rotate and as a side effect the Coriolis force
pushes it towards center line. In order to make the experiment, the data from the first
pages of that study were used, but the velocity profile is not fully developed when
using low viscous material such as water. With that reason another material with
higher viscosity has been chosen and simulation performed. Also channel had to
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be lower to make the time of development of flow as short as possible. Hence new
dimensions of the channel were
(a, b, c) = (300, 80, 80)mm. (7.21)
And initial position of sphere has been: P (80, 20, 40). The chosen fluid had viscosity
ν = 0.00036844m
2
s
and density ρ = 840 kg
m3
. Reynolds number has been 1 and the
radius of sphere remained the same. Because in this experiment the rotation have
to be included the simulation step has to be lower and simulation should not run too
long. Rotations are also causing the mesh to deform and that in several directions,
which is in addition with normal velocities very troublesome and crucial to perform
a simulation with reliable results. Time step is hence 0.001 s and end time at each
new meshing is 0.03. Not to forget, new velocity is v = 0.036m
s
.
We decide to perform 30 new meshing steps, which would mean that sphere
should move in horizontal direction for around 3cm. We are observing, what is hap-
pening with the y component of velocity and position.
Results
Moving of the sphere is represented in Figure 7.6.
Observing it, we can conclude that sphere really made 4 cm in horizontal direc-
tion, which is more then predicted. An answer is to be looked upon in the average
velocity, that lies at 0.045m/s. That is perhaps a bit strange observing the initial con-
ditions, but checking the velocity profiles on Figure 7.7 (at x = 180 mm), we can
conclude, that such a average velocity is a bit overpredicted, but probably stil quite
close to actual results. We notice that sphere really moves in y directions as we
hoped to get from results. In almost one second the travelled distance in y direction
is 2.5 mm with average velocity of 2.78mm
s
.
At the end we check the values of fields. They are shown on Figure 7.8. Velocity
field is at the end of 30th step averaged and does not show any disturbances as it
did in the beginning.
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Figure 7.6: Position of sphere in channel - saffman
During the simulation we try to observe also drag coefficient, but as we find out
it alternates within each step. And the values vary quite a lot. That might be a
consequence of acting force and in one step the drag is in positive direction in next
step force is applied and the direction changes.
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Figure 7.8: Comparison of fields at the 5th and 30th step
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